ABSTRACT
INTRODUCTION
Glucoamylase or amyloglucosidase (E.C. 3.2.1.3) is an exo-splitting enzyme, which removes the successive glucose units from the nonreducing ends of the substrate chain (Whitaker, 1994) . This enzyme is widely used in food and fermentation industries in the process of starch saccharification. Amyloglucosidase from Aspergillus niger is one of the most economically important industrial enzymes. At present, glucose is mainly produced by the enzymatic hydrolysis of starch using α-amylase and amyloglucosidase since it is economical and efficient, and a pure product is obtained in the final stages of the process (Rani et al., 2000) . In recent years, solid-state fermentation has shown much promise in the development of several bioprocesses and products (Pandey et al., 2000) . Traditionally, amyloglucosidase has been produced by the submerged fermentation and used in a one-way process in solution. Nowadays, the solid-state fermentation process has been increasingly applied for the production of this enzyme (Ellaiah et al., 2002) . When amyloglucosidases are produced, they are often contaminated by a number of other enzymes that are active on starches. Therefore, enzyme preparations with a higher glucoamylase activity are in demand in the food industry (Harsa and Furusaki, 1994) . Isolation and purification of amyloglucosidase have recently been reported (Gouveia and Kilikian, 2000; Marlida et al., 2000; Chen et al., 2005) . Purification procedures are usually based on series of techniques such as affinity chromatography, size-exclusion chromatography, ion exchange chromatography and bioaffinity extraction. Ion exchange chromatography is an established technique used in the separation of charged molecules across a range of applications and industries. Chemically, ion exchange involves the exchange of solutes of like charge from a solid support bearing the opposite charge (adsorbent). Ion exchange is a widely used technique in bioseparations since peptides, proteins, nucleic acids and related biopolymers have ionisable chemical moieties, which render them susceptible to charge enhancement or reversion as a function of pH (Levison, 2003) . Therefore, there is a need to explore the adsorption-desorption characteristics of glucoamylases on ion exchange to provide data for an alternative separation process design. The selection of optimum process parameters (e.g. pH, temperature) for purification is important not only for the maximum adsorption conditions but also for removing other contaminating enzymes. The aim of this work was to study the effect of the key process parameters (pH, temperature) on the phase equilibria of amyloglucosidase -resin DEAE-cellulose. The adsorption isotherms of glucoamylase enzyme as well as the adsorption kinetics were investigated.
MATERIAL AND METHODS

Microorganism
Aspergillus niger NRRL 3122 was maintained at 4ºC in a test tube containing potato-dextrose agar. The subculturing was realized on potato-dextrose agar incubated at 30ºC for 72 h until complete sporulation.
Extracellular amyloglucosidase production
The solid substrate used was the defatted thermally stabilized rice bran. Mineral salts and urea were added as nutrients and rice straw as medium support. The medium was adjusted to 50% moisture. The starch gelatinization and mixture sterilization were carried out at 121ºC for 15 min. Fermentation was carried out by taking 100 g of the wet substrate in a 500 mL Erlenmeyer flask and inoculating it with 4x10 6 spores g -1 of medium. The flask was incubated at 30ºC for 72 h (Costa et al., 1998) .
Enzyme extraction
Water was added in Erlenmeyer flasks with the fermented samples (in a 1:10 ratio) and the extraction was done in a shaker at 200 rpm for 3 h at 25ºC (Ghildyal et al., 1991) . The sample was then filtered and the extract obtained was used for the adsorption studies.
Enzyme activity assay
Samples were collected and analysed as soon as possible.
Amyloglucosidase activity was determined by the amount of glucose produced by the action of the enzyme. A 0.5 mL of the sample previously diluted was added to 12.5 mL of starch solution (4%, w/v) pH 4.2 at 60ºC over a period of 60 min (Gouveia and Kilikian, 2000) . The amount of glucose produced after 60 min was quantified by the 3,5-dinitrosalicilic acid method (Miller, 1959) . One unit of enzyme activity was defined as the amount of enzyme that liberated 1µmol reducing sugar (as glucose) per min under the standard assay conditions.
Adsorvent resin
In all the assays, the anion exchange resin DEAEcellulose (SIGMA ® ) was used, with density 1.13 g mL -1 , specific superficial area 0.056 m 2 g -1 , mean diameter 95 µm, capacity 1 meq g -1 . The resin consisted of an inert, cellulose matrix that carried diethylaminoethyl functional groups. This was a weak anion exchange resin. At the beginning of each experiment, the resin was washed into a buffer solution in desired pH until reaching the equilibrium. For stage of resin regeneration, it was washed with 0.5M NaOH and let it for 12 h at room temperature. After this stage, the resin was washed in the following three step: first with desmineralized water, second with 0.1M Tris-HCl buffer, pH 7.5, and third with 0.025M Tris-HCl, in desired pH until reaching the equilibrium.
Effect of pH on partitioning
The effect of pH on amyloglucosidase partition was studied using systems at different pH (6.5; 7.5; 8.0; 8.5 and 9.0). Resins were equilibrated in appropriate 0.025M buffer solutions, amyloglucosidase was added in the appropriate pH. Adsorption experiments were carried out in a shaker for 200 min. Later, the equilibrium samples were immediately assayed and the partition coefficients calculated at different pH values. Partition coefficients indicated the fraction of adsorbed protein at equilibrium, given by the Equation 1 (Harsa and Furusaki, 1994) .
Where Q* and A* were the equilibrium activity of adsorbed enzyme and free enzyme, respectively.
Effect of temperature on partitioning
This experimental was conducted using amyloglucosidase solution in 0.025M Tris-HCl buffer, pH 8.0. Samples were placed in shaker at different temperatures (15; 18; 21 and 25ºC) until reaching the equilibrium, quickly assayed and the partition coefficients were calculated using Equation 1.
Adsorption kinetics
The filtrate of crude broth with 40 mL of amyloglucosidase solution in 0.025M Tris-HCl buffer at pH 8.0 was mixed with 10 mL of wet resin (fresh prepared or recovered) in a stirred reactor at 25°C for 200 min. Samples were taken from the reactor at predetermined time intervals and rapidly analyzed by enzymatic analysis and subsequent construction adsorption kinetic.
Adsorption Isotherms
Experimental data were obtained from the batch adsorption with 1 mL fresh prepared resin suspension in 10 mL of different concentrations of crude amyloglucosidase in 0.025M Tris-HCl buffer, pH 8.0. After two hours of incubation in the shaker (25°C and 175 rpm), the amount of adsorbed amyloglucosidase was determined by the analysis of the activity of the soluble phase.
Calculation of K d , Q m , k 1 and k 2
The kinetic equation of amyloglucosidase adsorption was expressed by Equation 2, which turned into the Langmuir model (Equation 3) at equilibrium.
Equations 2 and 3 were used to determine the kinetic parameters by means of dynamic fitting to the experimental data. The fitting procedure was performed using the fourth-order Runge-Kutta algorithm to integrate Equation 2 and the least squares procedure to optimize the fitting. In Equation 2 and 3, Q is the amount of amyloglucosidase activity adsorbed per unit volume, Q m is the maximum amount of amyloglucosidase activity adsorbed per unit volume, A is the amyloglucosidase activity in liquid phase, k 1 and k 2 are kinetics constants and K d (equal to k 2 /k 1 ) is the equilibrium constant. The symbol * in Equation 3 represents concentrations at the equilibrium.
RESULTS AND DISCUSSION
Effect of pH on the partition coefficients Partition coefficients were calculated from the initial and adsorbed fraction of enzymes in ion exchange resin DEAE-cellulose. Figure 1 showed that the partition coefficient of amyloglucosidase adsorption on resin DEAEcellulose was affected by pH. The minimum value for the partition coefficients was obtained at pH 6.5. Above this value, the partition coefficient increased and reached its peak at pH 8.0. Above this value, the partition coefficient decreased. Harsa and Furusaki (1994) and Cruz and Santana (1996) obtained similar curves behavior working with affinity and ion exchange resins, respectively. 
Effect of temperature on the partition coefficients
In this study, the influence of temperature on the partition coefficient for amyloglucosidase enzymes was investigated at certain temperatures between 15 and 25ºC. Figure 2 shows the effect of temperature on partitioning.
As seen, temperature slightly affected the phase equilibria. With the decrease of the temperature, the partition coefficient decreased. Similar situation was observed by Bautista et al. (1999) , where there was an increase of about 10% in the amount α-amylase adsorbed on the anion exchanger Duolite A-568 when the temperature was increased from 20 to 30ºC. 
Adsorption isotherm
The enzymatic activity of the adsorbed amyloglucosidase was measured in relation to the equilibrium concentration in the liquid phase.
The results of free enzymatic activity versus the adsorbed amount at equilibrium are shown in Figure 3 , respectively. It was seen that the isotherm for amyloglucosidase adsorption could be described by the Langmuir equation with good adjustment. Pessoa Jr. et al. (1996) Figure  4 shows the adsorption of amyloglucosidase on the ion exchange resin DEAE-cellulose. Practically more than 90% of the total adsorbed enzyme was adsorbed during the first 60 min of reaction. This mean that there was high adsorption between the enzyme and the resin and this behavior was useful for purification process design.
Adsorption kinetics
Figure 4 -Adsorption kinetics of amyloglucosidase on ion exchange resin DEAE-cellulose at
25ºC, in different initial activity of enzyme: ( ) A0=8.5 U mL -1 (fresh resin); ( ) A0=9.2 U mL -1 (recovered resin); ( ) A0=14.8 U mL -1 (fresh resin).
Calculation of k 1 and k 2
The fitting procedure was performed using the fourth-order Runge-Kutta algorithm to integrate the Equation (2) and the least squares method to optimize the fitting. Figure 5 (a-c) shows the dynamic fitting of Equation (2) to the experimental data in order to obtain k 1 and k 2 and Q m for each kinetic assay. Table 1 showed that adsorption efficiency and Q m were lower for the recovered resins, this value was adjusted (experiment b with 22.5%), than for fresh prepared resins (experiments a and c with 44.3% and 38.1%, respectively). According to adsorption isotherm carried out with fresh resins, the assays a and c presented the same Q m and K d values. It was interesting to test the recovered resin (assay b) which showed that the Q m value should be fitted to a lower value comparing with fresh resins (assay a and c). This probably occurred because the recovered resin was used in this assay and the enzymatic extract was maintained frozen, which could denature the enzyme due to the prolonged storage. This enzyme would occupy active sites of the resin reducing the capacity of adsorption in relation to an enzyme not denatured. These problems could happen when working with crude broth instead of a system model, because the kinetic assays was made by activity analysis and not by the absorbance reading (280 nm), making it difficult to verify if a denatured enzyme was or wasn't adsorbed by the resin. A similar situation was observed by Kamimura et al. (1999) , where the value of Q m obtained in the kinetic curves was inferior to the isotherm and when the recovered resin was used, the capacity of adsorption decreased strongly. However, the decrease in the adsorption efficiency for the recovered resins suggested that the regeneration step should be studied carefully in order to improve it. Barboza et al. (2002) and Adriano et al. (2005) in the study of adsorption of clavulanic acid on anion exchanger resin and amoxicillin on chitosan beads, respectively, compared the simplified model for the adsorption (Equation 2) with a complete model that took in account the phenomena of internal diffusion and external convection on adsorbent, including also the mass transfer in the liquid film, the diffusion in the particle pores as well as the surface adsorption rate (model proposed by Horstman and Chase, 1989) . It was noted for both case that for smaller initial concentration the simulated curves for the simplified model and complete model were practically identical to the experimental kinetic curve. Figure 5 (a-c) showed that the simplified model (purely intrinsic model) used in this work fitted very well with the experimental data. It was observed that k 1 and k 2 were essentially the same for all the runs, in contrast to Q m values, which changed according to the adsorption efficiency of the resin. Table 1 showed that k 1 and k 2 were 2.4x10 -3 mL U -1 min -1 and 0.037 min -1 , respectively. Adriano et al. (2005) , although the simplified model was a gross simplification of the real adsorption processes, it could be useful in the system analyzed, given its simplicity and the small amount of computer required for complete model that took in account the phenomena of diffusion and mass transfer. Complete model provides more insight on the diffusion inside the particle, but it is more involved, conducting essentially to about the same fitting to their experimental data. The present work showed that the simplified model fitted well with the experimental data obtained for amyloglucosidase adsorption on ion exchange resin.
CONCLUSIONS
In this work, adsorption studies were carried out for the amyloglucosidase-resin DEAE-cellulose system. The effect of process parameters (pH and temperature) on the equilibrium partition coefficients was studied in order to optimize the adsorption conditions for glucoamylase enzyme. The results showed that 0.025M Tris-HCl buffer, pH 8.0 and a temperature of 25ºC were the optimal operating conditions. The adsorption isotherm of amyloglucosidase measured for pH 8.0 at 25ºC showed a good fit to the Langmuir model. The model parameters were estimated from the linearized form of the isotherm equation and Q m and K d were 133.0 U mL -1 and 15.4 U mL -1 , respectively. The kinetic constants that were determined by the dynamic fitting using the fourth-order Runge-Kutta algorithm were 2.4x10 -3 mL U -1 min -1 and 0.037 min -1 for k 1 and k 2 respectively. 
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